Abstract-We investigate the microhole collapse property of different photonic crystal fibers (PCFs) and its effect on the splice loss using an electric arc fusion splicer. The physical mechanism of the splice loss for different kinds of PCFs is studied, and a guideline for splicing these PCFs and conventional single-mode fibers (SMFs) is proposed. We demonstrate a low-loss fusion splicing of five different PCFs with SMFs, including large-mode PCF, hollow-core PCF, nonlinear PCFs, and polarization-maintaining PCF.
I. INTRODUCTION

P
HOTONIC crystal fibers (PCFs), which are also called microstructured optical fibers or holey fibers, have been investigated with great interest and have considerably altered the traditional fiber optics [1] - [3] since they appeared in the mid 1990s [4] . PCFs have a periodic array of microholes that run along the entire fiber length. They typically have two kinds of cross sections: One is an air-silica cladding surrounding a solid silica core, and the other is an air-silica cladding surrounding a hollow core. The light-guiding mechanism of the former is provided by means of a modified total internal reflection (index guiding), while the light-guiding mechanism of the latter is based on the photonic bandgap effect (PBG guiding). Because of their freedom in design and novel wave-guiding properties, PCFs have been used for a number of novel fiber-optic devices and fiber-sensing applications that are difficult to be realized by the use of conventional fibers. PCFs will have a great potential for commercial products in many applications in the next decade [3] .
To realize the full potential of PCFs, it is necessary to efficiently couple light from conventional single-mode fibers (SMFs) to PCFs. However, because PCFs have microhole structures that are totally different from conventional fibers, splicing different PCFs to conventional fibers is a significant challenge. The microhole collapse phenomenon and its effect on splice loss is a new issue that is very important to the understanding of splice loss. To explore novel splice methods between these different types of fibers, a systematic investigation needs to be conducted, which has not been done so far.
Since Bennett et al. [5] first reported experimentally splicing SMFs and PCFs in 1999, many splice methods have been proposed for PCFs. One solution is to design special solidcore PCFs that have the same mode field diameters (MFDs) as SMFs [6] , [7] or to design PCFs with a doped core [8] , [9] that will guide light even when the air holes have completely collapsed during splicing. However, those methods will limit the flexibility in PCF designs. For solid-core PCFs and SMFs having similar MFDs, low-loss splices were achieved by using fusion splicers [5] , [10] , [11] or CO 2 lasers [12] , [13] . Another type of low-loss high-strength splice between a solid-core PCF and an SMF having similar MFDs was achieved by using a gradient-index fiber lens [14] . For hollow-core PCFs and SMFs having similar MFDs, low-loss splices were reported by using fusion splicers [15] - [17] . For small-core PCFs and SMFs, several indirect splicing methods have been proposed, such as tapered intermediate PCFs [18] , [19] , integrating an SMF with a PCF during the manufacturing stage of the PCF [20] , and using microtips [21] . Recently, we proposed a method of lowloss splicing small-core PCFs and SMFs directly using repeated arc discharges [22] .
Because the splicing problem between PCFs and SMFs is still a major limitation that hinders the incorporation of PCFs into conventional fiber systems, it is very important to find a simple and low-cost way to splice different PCFs with conventional SMFs. Since fusion splicing is the most mature technology in splicing fibers and commercial fusion splicers are widely used, it will be a simple and practical solution to splice SMFs and PCFs. However, fusion splicers are mostly reported for use in splicing SMFs and PCFs having similar MFDs, and fusion splicers from different companies or different types have different parameter sets. Therefore, the value of the optimized parameters will be limited for splicing fibers with different structures.
In this paper, we investigate the nature of microhole collapse when splicing and its effect on splicing loss. Different kinds of PCFs have different microhole structures, and the properties of heat-induced collapse when splicing are quite different. One solution that is suitable for one kind of PCF will fail when it is applied to other kinds of PCF. So a detailed study about the effect of microhole collapse on the splice loss for different kinds of PCFs is very important, which clearly and visually explains the physical mechanism of the splice loss and helps us to find the best way to splice different PCFs. Also, the optimized parameters corresponding to the status of microhole collapse are valuable for users in finding the optimized values when using other splicers. In this paper, we provide the guidelines and demonstrate the simple techniques for low-loss splicing five different kinds of PCFs with SMFs using a conventional fusion splicer.
II. CHALLENGES IN SPLICING PCFS AND SMFS
The splice loss is generally due to two reasons: one is the mode field mismatch between PCFs and SMFs, and the other is that the air holes in PCFs may completely collapse in the vicinity of the splice joint during the splicing process, which significantly increases the coupling loss by destroying the lightguiding structure of the PCF near the joint interface.
In this paper, we investigated the splicing of five different PCFs with conventional SMFs. The PCFs are LMA-10, HC-1550-02, LMA-5, NL-3.3-880, and PM-1550-01 from Crystal-Fiber A/S, as shown in Fig. 1 . Fig. 1(a) shows scanning electron microscope (SEM) micrographs of these PCF cross sections, and Fig. 1(b) shows side views of these PCFs through an optical microscope. We can observe the microhole channels from the side views, which will be of benefit in determining the degree of collapse of the air holes after fusion splicing in our experiments. The conventional SMF used in our experiments is SMF-28 from Corning. The fiber parameters are listed in Table I . An Ericsson FSU-975 fusion splicer was used in the experiments.
A. Collapse of Air Holes
When fusion splicing conventional fibers, the fiber tips are heated above the softening point and are then pressed together to form a joint. However, when the temperature of heated PCFs exceeds the softening point, the surface tension will overcome the viscosity and cause the PCF's cylindrical air holes to collapse. Further, the softening point of the PCFs is in general lower than that of SMFs because PCFs have a smaller average solid silica diameter (due to air-silica structures) than that of conventional SMFs [13] , assuming that the heat absorption coefficient is almost the same for PCFs and SMFs. The rate 
where γ is the surface tension, and η is the viscosity. The surface tension of silica is not very sensitive to temperature over the range encountered in splicing, but the viscosity of silica sharply decreases with increasing temperature, so the rate of the air hole collapse increases with temperature. If we use the program that is set for conventional SMFs, the total arc discharge energy is too high for a PCF so that the applied heat will collapse the air holes of the PCF completely at the joint part. This causes the splice loss to become very large because the waveguide structure of the PCF near the splice joint is destroyed. For the PCFs (LMA-10, LMA-5, NL-3.3-880, and PM-1550-01), the length of the collapsed region is about 600 µm, so the light will significantly expand due to the disappearance of the difference between the refractive indices of the core and the cladding, thus causing a huge splice loss. Fig. 2 . Therefore, it is very important to avoid serious collapse of air holes when fusion splicing PCFs and SMFs.
B. Mode Field Mismatch
The butt-coupling loss α between PCF and SMF in an optimal alignment can be approximately expressed by [13] , [17] 
where 2ω PCF and 2ω SMF are the MFDs of the PCF and SMF, respectively. The butt-coupling loss for light propagating from SMF to PCF was experimentally measured at 1550 nm. The butt-coupling losses agree well with the theoretical estimation given in (2), as shown in Table II . The good agreement between the theoretical and experimental results indicates that the loss mechanism is due to the mode mismatch between PCF and SMF. For PCFs such as LMA-10 and HC-1550-02, which have similar MFDs as the SMFs, a low-loss splicing can be achieved when the splice does not alter the MFD of the PCF. However, for the small-core PCF having a much smaller MFD than the SMF, the splice loss is large, even when the air holes are kept intact, because of the mode field mismatch.
III. PRINCIPLE OF LOW-LOSS SPLICING BETWEEN PCF AND SMF
To avoid or minimize the air hole collapse in splicing PCF and SMF, an effective way is to choose a weaker fusion current and a shorter fusion time compared to the parameters of splicing SMF/SMF when fusion splicing PCF/SMF. However, a suitable arc energy should be obtained to soften the tips of the PCF and the SMF to achieve a good mechanical strength of the joint and at the same time minimize the collapse of air holes. Therefore, there is a tradeoff between the splice loss and the mechanical strength. Another important parameter is "overlap," which has not been paid much attention in previous research. "Overlap" means the overlap distance in which the two fibers are pushed further together because they have been softened as compared to when they merely touched each other in butt coupling. The tip part of the PCF is not softened enough when the arc discharge energy is low; therefore, a large overlap may cause bend misalignment when the two fibers are pushed together, thus increasing the coupling loss. Therefore, choosing a suitable overlap during splicing is also very important.
Because the softening point of the PCF is lower than that of the SMF, it is better to introduce a suitable offset [24] , as shown in Fig. 3(a) , between the joint and the central axis of the arc discharge, which will cause the arc discharge to weakly affect the tip of the PCF as compared with the tip of the SMF. This offset splicing method has two advantages. The first one is that it ensures a smaller amount of heat being applied to the PCF, and thus, it is easier to control the collapse of the air holes. The other is that it can balance the melting status by applying more heat to the SMF, because the SMF in general has a higher softening point than the PCF, as mentioned above.
For fusion splicing SMFs and PCFs having similar MFDs, a low-loss joint with good mechanical strength can be formed by choosing a suitably weak fusion current; short fusion time, offset, and overlap to minimize the collapse of air holes; and well melt two fibers together, as shown in Fig. 3 (b). However, for splicing small-core PCFs and SMFs, the mode field mismatch can cause a large splice loss even when the air holes do not collapse. It is generally the practice to use an intermediate fiber as a bridge section between the two fibers to decrease the splice loss. Here, we will use a small-core fiber as an intermediate fiber, which will match the mode field of the small-core PCF when the core of the intermediate fiber is not expanded, and make a match with the SMF when the core is thermally treated to expand to have the same MFD of the SMF, as shown in Fig. 3(c) . Another simpler solution we proposed in [22] is to control the degree of air hole collapse to realize low-loss splicing between a small-core PCF and an SMF without any intermediate fiber by repeated arc discharges. The principle of the method is to gradually control the collapse of the air holes of the PCF using a fusion splicer to obtain an enlarged mode field at the interface of the PCF that matches the mode field of the SMF, and at the same time to optimize the rate of hole collapse in the PCF to achieve an adiabatic mode field variation in the longitudinal direction to reduce the transition loss. To gradually collapse the holes in the PCF, repeated weak arc discharges with a short duration after an initial arc discharge are applied over the splice joint to achieve the optimum mode field match between the PCF and the SMF at the splice interface, as shown in Fig. 3(d) . However, for small-core PCFs with high air-filling fraction, the mode field will not expand even when the air holes collapse; therefore, this method cannot be used in this kind of small-core PCFs, and we have to use an intermediate fiber to decrease the splice loss. We provide a detailed analysis of the various techniques in the next section.
IV. LOW-LOSS FUSION SPLICING EXPERIMENTS
After introducing the principle of low-loss splicing of SMFs and PCFs, we experimentally investigated the low-loss fusion splicing of different PCFs with SMF-28. First, the power of the 1550-nm source at the output of an SMF-28 fiber was measured. Then, the PCF with one end coupled to a power meter was spliced to the SMF-28 fiber to detect the coupling power. Next, the unspliced end of the PCF was subsequently spliced to another SMF-28 fiber in the same condition. Finally, the output power was again measured to observe splice reciprocity. The PCF was cleaved using a Furukawa S324 cleaver. The possibility of high-quality cleaving (a flat end face of the PCF) is above 90%. Because the tip of the PCF is not totally softened during splicing, any defect (such as a large cleave angle) will cause an extra splice loss and make the joint fragile, so the PCF with a flat end face must be chosen. It should be mentioned that in practical handling, the PCF cannot be cleaned with solvents after cleaving because the solvent will seep into the air holes of the PCF by capillary action, thus changing the light-guiding properties, which will result in a huge splice loss.
To compare the parameter set of PCF/SMF splicing with that of conventional SMF/SMF splicing, we first give the typical parameters of an Ericsson FSU-975 fusion splicer set for splicing two conventional SMFs. The parameters are listed in Table III . During prefusion, the fibers are cleared by low-level heating, and the main fusion process is fusion time two and fusion current two, which are the duration and magnitude of discharge current applied to the electrodes when the two fiber ends are pushed together [25] .
In our experiments, to investigate the effect of arc discharge and easily perform discharge tests, we set fusion times one and three to zero, and then set fusion time two to 0.3 s and varied fusion current two. The prefusion current was set to 5.0 mA instead of 10 mA to avoid any heat collapse of the holes of the PCF before fusion splicing. We set the center position to 205, which corresponds to an offset distance of 50 µm. We chose a suitable overlap for different PCFs during fusion splicing. The other parameters are chosen to be the same as the parameters for splicing conventional fibers, and then, the two fibers are automatically aligned and spliced by the splicer.
A. Splicing SMF to Solid-Core PCF With Similar MFDs
The PCF LMA-10 and SMF-28 having similar MFDs were chosen to perform splicing experiments. We set the overlap to 5 µm and the fusion current time to 0.3 s and varied the fusion current from 9 to 14 mA with a step of 1 mA. The results are shown in Fig. 4 . The splice losses are less than 0.4 dB when the fusion current is in the range of 10-13 mA. They are 0.36, 0.31, 0.19, and 0.23 dB for fusion currents of 10, 11, 12, and 13 mA, respectively. The corresponding splicing joints have good mechanical strength and can be bent in a circle with radii of about 6, 4, 1.8, and 1 cm, respectively, before breaking. The smallest splice loss (0.19 dB) was achieved when the fusion current was 12 mA. The corresponding splicing joint is shown in Fig. 5 . We can observe that there is no visible difference of air hole structures between the spliced region of the LMA-10 and the region far away from the splice joint, which means that a low-loss splicing joint was formed because the air hole collapse was largely avoided. Statistically, ten splices were done that yielded an average splice loss of 0.32 dB with a standard deviation of 0.07 dB. The splice loss from LMA-10 to SMF-28 was 0.30 dB. The loss difference in two opposite directions is within the deviation; thus, the splice is optical reciprocal.
B. Splicing SMF to Hollow-Core PCF With Similar MFDs
The low-loss fusion splicing between a hollow-core PCF (also called PBG fiber) and an SMF is more difficult [15] - [17] , and only one paper [17] has recently provided details on the fusion process and fusion parameters. Here, we first investigate the effect of the fusion current on the collapse of the air holes of a hollow-core PCF and then measure the splice loss for different values of fusion current.
The hollow-core PCF HC-1550-02 and SMF-28 having similar MFDs were chosen to perform the experiments. Because the hollow-core PCF more readily reaches its softening point, and its central region caves in [16] , [26] due to surface tension, we set the overlap to 10 µm to obtain a good mechanical strength when fusion splicing. We fixed the fusion time to 0.3 s and changed the fusion current from 9 to 11.5 mA in steps of 0.5 mA. By withdrawing SMF-28 just before the start of the arc discharge, the tip of the HC-1550-02 was not spliced to the SMF-28 but heated by the arc discharge so that we could check the degree of air collapse. Fig. 6 shows the SEM images of the end face of HC-1550-02 when the fiber was subjected to an arc discharge from various fusion currents. We can observe that the collapse of the cladding holes is proportional to the fusion current. Because of the high air-filling fraction of the air-silica cladding, there is a thermal gradient when the heat transfers from the solid silica ring cladding to the center of the holey region [26] . When the fusion current is 9 mA, only the first outer air holes partially collapse. When the fusion current is increased to 10 mA, two outer air holes collapse. Fusion currents of 11 and 11.5 mA correspond to the collapse of three and four outer air holes, respectively. The further collapse of air holes with increasing fusion current is demonstrated in [26] . The surface tension also makes the central air-silica region cave in, and the degree of recess of the end part of the PCF is proportional to the fusion current. The splice loss was increased when the fusion current increased from 9 to 11.5 mA, as shown in Fig. 7 . The increasing splice loss with the fusion current is due to two reasons: One is that distorting the periodic air-silica cladding structure will increase the confine loss at the splice joint, and the other is that the increasing recess that created an air gap between two fiber cores will increase the coupling loss because the light coming out from the SMF will quickly expand when there is an air gap. The lowest splice loss (1.45 dB) was achieved when the fusion current was 9 mA. The corresponding splicing joint, which is shown in Fig. 8 , had good mechanical strength and could be bent to a radius of about 2.5 cm before breaking. The splicing result is of the same order of the best result reported [16] and only needs one arc discharge. From Fig. 8 , we cannot observe a visible collapse when we compare the spliced and unspliced region of the PCF. Thus, we have demonstrated that a low-loss splicing between a hollowcore PCF and an SMF can be achieved even with a single arc discharge when we choose suitable parameters. Ten splices were done using the above method that yielded an average splice loss of 1.87 dB with a standard deviation of 0.18 dB in the range of 1.45-2.01 dB. The splice loss from HC-1550-02 to SMF-28 was 2.48 dB; thus, the difference of the splice losses in two opposite directions is significantly large. It is because the higher order modes were excited in HC-1550-02, which cannot couple well to SMF-28 [17] .
C. Splicing SMF to Small-Core PCF With Low Air-Filling Fraction
In [27] , Frazão et al. achieved low-loss splicing between a small-core PCF (NL-2.3-1555) and an SMF-28 using a fusion splicer. However, the authors did not give a proper explanation about the results because low-loss splicing cannot be achieved due to the mode field mismatch when the air holes of the smallcore PCF are not collapsed, as explained earlier. In [22] , we first provided a simple method to splice small-core PCFs to SMFs by repeated arc discharges. Part of the contents of [22] will be included here for completeness. The mechanism of microhole collapse in these kinds of small-core PCFs, the mechanical strength of the splicing joint, and the limits of this method are further discussed.
In our experiments, the small-core PCF we chose to splice to SMF-28 was LMA-5. We set the overlap to 1 µm and the offset to 50 µm and fixed the fusion time at 0.3 s. To illustrate the degree of air hole collapse, we first observed the end face of LMA-5 by SEM after various arc discharges. The fusion current used was 10.0 mA. By withdrawing the SMF just before the start of the arc discharge (the method we mentioned above), we can observe the collapse of the end face of the PCF as a result of the arc discharge. We repeatedly applied arc discharges with the same power to heat the LMA-5. Fig. 9(a)-(d) shows the SEM images of the LMA-5 end face after two, five, seven, and nine discharges, respectively; the time gap between two consecutive discharges is 2 s. We observed that the average hole diameter was 0.83 µm when the number of arc discharges was two, the holes shrunk to 0.70 and 0.24 µm after five and seven discharges, and almost all the holes are closed after nine discharges. We found that the microhole collapse of LMA-5 was quite different from the collapse of HC-1550-02. All the holes shrunk at the same rate, and there was almost no recess in the air-silica region. This is because heat can quickly transfer in the low air-filling-fraction air-silica structure; thus, no significant thermal gradient exists in the PCF's cross section. Moreover, because the solid silica part, of which most of the air-silica cladding is made, can sustain the air-silica structure when the air holes shrink, the end surface of the PCF will not cave in when exposed to heat during splicing.
We then performed fusion splicing between LMA-5 and SMF-28. The splice losses measured for light propagating from SMF-28 to LMA-5, as functions of the number of discharges and the fusion current, are shown in Fig. 10 . It can be seen from Fig. 10 that, for fusion currents of 9.5, 10.0, and 11 mA, the minimum splice loss of 1.11, 0.90, and 1.80 dB can be obtained after 23, 13 and four arc discharges. Fig. 11 shows the side view of the splicing joint with 10.0-mA discharge current after 13 discharges. We can clearly observe that the holes of the LMA-5 have gradually collapsed to a certain degree, which results in an enlarged mode field in the PCF that optimized the mode field match between the two fibers and, hence, minimized the splice loss. Five splices were done, and the measured loss was in the range of 0.90-1.41 dB that yielded an average splice loss of 1.14 dB with a standard deviation of 0.18 dB. The splice loss from LMA-5 to SMF-28 was 1.09 dB, which proved that it has good splice reciprocity. The mechanical strength was not very good; the bending radius was about 10 cm before the fibers broke when the overlap was 1 µm. However, the splicing joint can be bent in a circle with a minimum radius of about 2 cm before breaking when the overlap changed to 3 µm, with the splice loss still being approximately the same. The minimum experimental loss (0.90 dB) obtained may be caused by the nonperfect mode field mismatch at the PCF/SMF interface and by the mode field expansion (transition) loss in the gradual hole-collapsing part of the small-core PCF. Because of the short transition length, as can be observed from the side views of the collapsed region in Fig. 11 , the mode field transition loss may not be neglected. We believe that the splice loss could be further reduced by using a wider electrode gap to optimize the transition length [28] . The same method was used to splice SMF-28/NL-1550-POS-1, and the minimum loss was significantly less than the butt-coupling loss [22] . Five splices were done when the fusion current was 9.5 mA, which yielded an average splice loss of 1.61 dB with a standard deviation of 0.37 dB. The splicing joint can be bent in a circle with a minimum radius of about 2 cm when the overlap is 3 µm. The standard deviation of the experimental losses of the splicing between SMF-28/NL-1550-POS-1 was larger than that of SMF-28/LMA-5. This might be caused by the aberration of the transverse alignment because the smaller core is more sensitive to misalignment when the two fibers are automatically aligned and spliced.
The small-core PCFs that we have successfully tested have low air-filling fraction cladding, and thus, the guiding mode of this kind of small-core PCFs pervades into the air-silica cladding; hence, the MFD is generally larger than the diameter of the solid core. When the microholes shrink, the guiding mode can expand, and the end surface of the collapsed PCF keeps flat, which contributes to the low-loss splice of this kind of PCF to the SMF. However, this method cannot be used to improve the coupling efficiency between the SMF and the small-core PCF with high air-filling fraction, as will be discussed in the next part.
D. Splicing SMF to Small-Core PCF With High Air-Filling Fraction
The small-core PCF with high air-filling fraction generally has about 90% air-filling ratio in the air-silica cladding region. For this kind of small-core PCF, the function of the air-silica cladding is to support the extremely small silica core with a very low refractive index (just over 1) medium. The optical properties of the core closely resemble those of a glass microrod suspended in the air, which results in the strong confinement of the light and a large nonlinear coefficient. The MFD of this kind of small-core PCF is generally smaller than the diameter of the core. The small-core PCF we chose in our experiment was NL-3.3-880.
To explore the microhole collapse property of this kind of small-core PCF, the same method as in Section IV-B (withdraw the SMF before the start of arc discharge) was used. Fig. 12 shows the end views of NL-3.3-880 when the fiber was subjected to an arc discharge from 12 to 14.5 mA. We can observe that the collapse of the cladding holes of NL-3.3-880 is similar to that of the hollow-core PCF. When the fusion current is 14 mA, two outer air holes totally collapse, but three inner air holes are still open, as shown in Fig. 12(c) . The guiding light is still strongly confined to the small core by the inner six holes around the core rather than pervading into the air-silica cladding. This does not give rise to an increase in the MFD of the PCF; thus, the partial collapse of air holes in this kind of small-core PCF does not improve the coupling efficiency. Furthermore, the central part of the small-core PCF caves in when air holes collapse because of the high air-filling fraction of the air-silica cladding. Consequently, just like the hollowcore PCF, the air gap between the two fibers gives rise to an increase in the splice loss due to the cavein. When the fusion current increases to 14.5 mA, the inner air holes shrink to about 0.4 µm, as shown in Fig. 12(d) . At this time, the mode field expands; however, the degree of recess also increases, so it is hard to judge whether the partial collapse can be of benefit to the coupling efficiency. The experiments, by repeated arc discharges, were then done, as shown in Fig. 13 . The splice losses increased with the number of arc discharges, which proves that the partial collapse of air holes cannot improve the coupling efficiency, and the recess of the end face of the PCF increases the coupling loss. After 11 arc discharges with a fusion current of 13 mA, the splice loss increased from 8.58 to 10.74 dB. As shown in Fig. 14(a) , the recess part of the PCF is clearly visible from the side view.
Because partial collapse cannot be used to splice the smallcore PCF with high air-filling fraction to the conventional SMF, another method that uses an intermediate fiber to solve the mode mismatch problem should be utilized, as mentioned in Section III. Here, we use the fiber UHNA3 from Nufern as the intermediate fiber. 3.32 and 1.58 dB, respectively, according to (2) . UHNA3 has a thermally expanded core (TEC), thus making it possible for the mode field to expand so that it matches the mode field of SMF-28 when suitable heating is applied by the fusion splicer. The TEC technology for conventional mode mismatch fibers such as erbium-doped fibers has been widely used, and the fusion splicer has the splice parameter set for this operation. We used Program 06 of Ericsson FSU-975 to splice SMF-28 to UHNA3 and to achieve a splice loss of about 0.60 dB, and then, we spliced UHNA3 to NL-3.3-880 without collapsing the air holes using the same method described in Section IV-A. The splice joint of UHNA3/NL-3.3-880 is shown in Fig. 14(b) , which corresponds to a loss of about 1.93 dB, which is a little larger than the butt-coupling loss. We can conclude that the total splice loss can decrease to about 2.53 dB using an intermediate fiber.
E. Splicing SMF to Polarization-Maintaining PCF
The polarization-maintaining PCF that we used in our experiments was PM-1550-01, which has different microhole sizes in two perpendicular transverse directions. Because the airfilling fraction of PM-1550-01 is not high, the nature of its hole collapse is similar to the small-core PCF with low airfilling fraction, so the partial collapse of air holes can increase the coupling efficiency when the MFD of PM-PCF is smaller than that of the conventional fiber. However, because the rate of hole collapse is almost same, and the size of microholes is rather different, the larger holes still open when the small holes collapse to close, as shown in Fig. 15. Fig. 15 shows the end views of PCF-1550-01 when the fusion currents are 12 and 13 mA. Therefore, the expanded mode field in two perpendicular transverse directions will be more different, which will limit the improvement of the coupling efficiency between PM-1550-01 and SMF-28 when repeated weak arc discharges are applied. For splicing SMF-28/PM-1550-01 (Fig. 16) , when the fusion currents were 10 and 11 mA, minimum splice losses of 2.08 and 2.03 dB were obtained after 18 and five discharges, respectively. The splice loss from PM-1550-01 to SMF-28 in the same condition was about 1.80 dB, which is almost splice reciprocity. When the fusion current was 12 mA, the minimum splice loss was 2.41 dB after the first discharge; further discharges increased the splice loss. The structure of the splicing joint when the loss is 2.03 dB is shown in Fig. 17 . We can observe that the air holes gradually collapse toward the splicing interface, as we expected. When we set the overlap to 5 µm, five splices were done when the fusion current was 11 mA, which yielded an average splice loss of 2.22 dB with a standard deviation of 0.22 dB, and the splicing joint can be bent in a circle of about 1.5 cm before breaking. The splice loss significantly decreased compared with the splice loss when butt coupled. However, the experimental loss of SMF-28/PM-1550-01 was larger than that of SMF-28/LMA-5. This is because the mode field shape difference between PM-1550-01 and SMF-28 will lead to an extra loss in addition to the transition loss.
V. CONCLUSION
In conclusion, we have investigated the microhole collapse property of five different kinds of PCFs by observing the side views of PCFs using an optical microscopy and the end views of PCFs using an SEM after splicing. The physical mechanism of the splice loss was studied in detail, and then, different methods were proposed according to the different structure of PCFs to achieve low-loss splicing. A precise alignment and a proper heat energy being applied to the joint of PCF/SMF were the keys to achieving low-loss splicing so that changing the fusion current or changing the fusion time in a suitable range can lead to optimum results. For the PCF and the SMF having similar MFDs, low-loss splicing can be achieved by minimizing the collapse of air holes of the PCF. For the smallcore PCF with low air-filling fraction, including the PM-PCF, a low-loss splicing can be achieved by applying repeated arc discharges over the splicing joint to gradually collapse the air holes of the small-core PCF. For the small-core PCF with high air-filling fraction, an intermediate fiber should be used to decrease the splice loss. We have demonstrated the lowloss splice of these different PCFs with conventional SMFs. The optimized splice results and splice parameters are listed in Tables II and III , respectively. We believe that the results can be further improved by using a fusion splicer that has an higher precision in alignment and in controlling the fusion energy. The experimental results prove that fusion splicing is a simple and practical solution to solve the coupling problem between PCFs and SMFs, which will benefit the development of different PCF devices and sensors in practical application.
